ABSTRACT A rotary driving component is the power output unit of a lunar sampler. A planetary gear system is used as the transmission system. The lunar sampler is subjected to an extremely rigorous mechanical environment during transportation. In this paper, the time-varying meshing stiffness curves of planetary gears are calculated by the Shi Chuan method. A translational torsional dynamic model of a two-stage planetary gear system is established. Based on the Runge-Kutta method, a solution program is used to obtain the inherent characteristics of the transmission, and corresponding verification tests are performed. With respect to the transportation process (i.e., the stage between launch and landing), the dynamic response of the transmission is examined. With respect to adverse geological conditions, the load sharing characteristics of the transmission are calculated. The aforementioned investigations provide a theoretical basis for parameter setting and structural design of a lunar exploration project.
I. INTRODUCTION
The transportation process corresponds to the phase of launch to landing of the transmission is extremely harsh. Furthermore, given the complexity of the moon's surface, the transmission suffers from complex and irregular loads during the working process. In order to reduce the failure rate and improve working life and reliability, it is necessary to examine inherent characteristics, load sharing characteristics, and transportation mechanical response of the transmission.
The diagram of the transmission is shown in Figure 1 . The transmission consists of two planetary gear systems, namely high-speed system (sun gear S I , ring R I , carrier C I , planetary gears P I i ) and low-speed system (sun gear S II , ring R II , carrier C II , planetary gears P II i ). With respect to system modeling, Parker et al. [1] used finite element mechanics model to analyze the dynamic response of the helicopter planetary gear system in a certain speed and torque range. Sondkar and Kahraman [2] studied the double helical planetary gear drive system, and established a bending torsion axis pendulum coupling model of 18(N+3) degrees of freedom. Singh [3] established a three-dimensional finite element contact model, which was called GSAM model. Zhou et al. [4] proposed a new modeling method to research the vibroimpact characteristics of a planetary gear transmission system under high speed and lightly loaded conditions.
With respect to a model solution, Wang et al. [5] set up lumped parameter method and finite element method for dynamic performance of planetary gears. The solution method was given to analyze the force on the ring gear. Yavuz et al. [6] developed a nonlinear time-varying dynamic model of a drivetrain composed of a spiral bevel gear pair, shafts and bearings. Gear shafts were modeled by utilizing Timoshenko beam finite elements, and the mesh model of a spiral bevel gear pair was used to couple them.
With respect to inherent characteristics, Eritenel and Parker [7] have studied the inherent characteristics of helical gear planetary transmission system, and got the radial translation torsion pendulum mode, the axial translation torsion vibration mode and the planet wheel vibration mode. Guo and Parker [8] have studied the natural vibration characteristics of combined planetary gear transmission. Kiracofe and Parker [9] analyzed the characteristics in the combined planetary gear transmission system, and summed up the vibration mode as torsional vibration mode, lateral vibration mode and planetary gear vibration mode. Wu and Parker [10] analyzed the natural vibration characteristics of the uniform planetary gear transmission considering the internal gear elasticity, and summed up the vibration modes as torsional vibration mode, lateral vibration mode, planetary gear vibration mode and pure inner gear ring vibration mode. Guo and Parker [11] studied the inherent vibration sensitivity of composite planetary gear transmission system.
With respect to dynamic characteristics, Wang et al. [12] established a flexible multi-body dynamics analysis model for the multistage system of wind power planetary transmission gearbox, and studied the system dynamic characteristics. Zhou et al. [13] set up a sixteen degree of freedom lumped parameter dynamic model and used Runge-Kutta method to study the dynamic behavior of spur gear rotor system. Ambarisha and Parker [14] and Parker and Lin [15] have solved the relationship between the meshing phase, the time varying meshing stiffness and the equivalent error on the meshing line.
With respect to load sharing characteristics, Montestruc [16] summarized the research on load sharing characteristics of planetary gear trains. Bodas and Kahraman [17] used two dimensional finite element contact model to study the relationship between the planetary gear manufacturing error and the static load sharing coefficient of the system. Ligata et al. [18] proposed a discrete model for calculating the static inhomogeneous coefficient, and derived a formula for calculating the static unequal load factor of four sets of planetary gears.
With respect to experiments, Hong et al. [19] integrated the analytical model, a denoising algorithm, and frequency domain indicators into one synergistic system to detect and identify the damaged gear teeth in the planetary gearboxes. A planetary gearbox test rig validated the dynamic simulations and the experimental data. Shuiqing et al. [20] proposed a method based on the multiscale chirplet path pursuit (MSCPP) and the linear canonical transform (LCT), and the method has been applied to diagnose the gear fault in the variable speed condition for the first time. Simulations and experimental evaluations were provided to verify the effectiveness of the proposed method. Yu et al. [21] proposed a new dynamic model of a cylindrical gear pair with localized tooth spalling defects. Experimental vibration responses of several 1:1 ratio spur gear pair sets with different dimensions of spalling defects were measured to compare with the simulated results. The results validated the superiority of the proposed model against previous similar models.
In this study, a translational torsional dynamic model of a transmission system is established. Based on Shi Chuan method, the internal and external time-varying meshing stiffness are accurately calculated. Based on the Runge-Kutta method, a solution program is used to obtain the inherent characteristics of the transmission. Thus, the mechanical environment of the delivery stage is analyzed, and the dynamic response of the transmission is calculated. The static and dynamic load sharing coefficients of the transmission are analyzed. 
II. CALCULATION OF TIME-VARYING MESH STIFFNESS BASED ON SHI CHUAN METHOD
In an engagement cycle of a pair of gears, the phenomenon of single-tooth meshing and double-tooth meshing is observed. The generation of time-varying meshing stiffness occurs. In this study, Shi Chuan method is used to calculate internal and external time-varying meshing stiffness. The method simplifies a gear into a cantilever beam composed of a trapezoid and rectangle as shown in Figure 2 . ISO 30 • dangerous section is shown in Figure 3 .
The deformation of a single tooth along the meshing line direction in a meshing tool pair is as follows:
(1) VOLUME 6, 2018 Bending deformation of the rectangular section is as follows:
Bending deformation of the trapezoidal part is as follows:
Deformation produced by the shear force is as follows:
Deformation produced by the base part tilt is as follows:
Deformation produced by gear tooth surface contact is as follows:
Therefore, the time-varying meshing stiffness is calculated by the deformation amount in the direction of the meshing line. The time-varying meshing stiffness curves are shown in Figures 4-7.
III. ESTABLISH OF THE TRANSMISSION DYNAMIC MODEL A. DYNAMIC MODEL OF TRANSMISSION
The dynamic model of the transmission system is shown in Figure 8 . The levels of high-speed and low-speed exhibit the same structural form, and thus, the high-speed level is considered as an example in the following analysis. Specifically, x I s , y I s , and u I s denote the lateral, longitudinal, and torsional displacements, respectively, of the denote the lateral, longitudinal, and torsional displacements, respectively, of the carrier. Stiffness includes gear mesh stiffness, bearing stiffness, and torsion stiffness. Specifically, k I ri denotes the mesh stiffness of the inner gear and planetary gear; k I si denotes the mesh stiffness of the sun gear and the planetary gear. k I sx , k I sy and k I su denote the bearing stiffness of the sun gear; k I rx , k I ry , and k I ru denote the bearing stiffness of the ring gear; k I piξ and k I piη denote the bearing stiffness of the planetary gear; and k c I s II denotes the torsional stiffness between the carrier in the high-speed level and the sun gear in the low-speed level.
In Figure 8 , the direction of the planetary gear with respect to the sun gear or inner gear is positive. Therefore, the elastic deformation on the meshing line of planetary gear and sun gear is as follows:
The elastic deformation on the meshing line of planetary gear and inner gear is as follows:
The elastic deformation of the planet gear relative to the carrier in two coordinate axes is as follows:
B. FORCE ANALYSIS OF EACH COMPONENT IN THE TRANSMISSON SYSTEM
Based on the force condition of the internal components in the transmission, the motion differential equations of the sun gear S I are as follows:
The motion differential equations of the inner gear R I are as follows:
The motion differential equations of the carrier C I are as follows:
The motion differential equations of the planetary gear P I i are as follows:
VOLUME 6, 2018 The motion differential equations of the transmission of the lunar sampler are expressed as follows:
In equation (15) , q denotes the generalized coordinate array, M denotes the mass matrix, G denotes the gyro matrix, K b denotes the bearing support stiffness matrix, K g denotes the gear meshing stiffness matrix, K denotes the centripetal stiffness matrix, and T denotes the force vector.
IV. NATURAL VIBRATION ANALYSIS OF THE TRANSMISSION AND EXPERIMENTAL VERIFICATION A. NATURAL FRENQUENCY AND FORMATION
The differential equation of vibration for the transmission in the lunar surface sampler is as follows:
Therefore, the form vector n corresponding to the natural frequency n is satisfied as follows:
In normal temperature conditions, the parameters of the transmission in the main driving component are shown in Table 1 .
In the study, Runge-Kutta method is used to solve the dynamic model. In order to solve the model, a Matlab script is used, and the model is calculated by the ode45 solving module in Matlab. The system includes 36 degrees of freedom, and the natural frequencies are listed in Table 2 .
As shown in Table 2 , the system includes six pairs of double roots. They are f5 and f6, f10 and f11, f17 and f18, f22 and f23, f28 and f29, f31 and f32. Given the assumption that the geometric and physical parameters are identical, the repetition of the frequency phenomenon occurs and is caused by the symmetry of the planetary transmission system at all levels.
Eigenvectors corresponding to the natural frequencies are also obtained. Different eigenvectors reflect different modes of vibration. Based on the eigenvectors, vibration modes appear in the system and are shown in Table 3 .
We can see that all the double roots appear in the translational and torsional vibration of high speed level. The formation vectors and formations corresponding to a few of the natural frequencies are shown in Table 4 and Figure 9 , respectively. In figure 9 , the dotted line represents the original position, and the solid line represents the position after the vibration.
B. EXPERIMENTAL STUDY OF THE INHERNET CHARACTERISTICS OF TRANSMISSION
In order to verify the correctness of the theoretical model and solution results, a vibration test platform is constructed based on the vibration table. The vibration test platform is shown in Figure 10 .
Four acceleration sensors are used in the vibration experiments. Specifically that are pasted on the input and output of the transmission, respectively, to measure the vibration response of the highspeed sun gear and low-speed carrier.
Two sets of sine sweep experiments that exhibit different acceleration amplitudes were performed with respect to the transmission. The experimental conditions are listed in Table 5 .
The test results of No. 3 and No. 4 sensors under the condition of acceleration amplitudes of 0.4 g and 0.8 g are shown in Figures 11 and 12 , respectively. Figures 11 and 12 , the natural frequencies of the two sets of sine sweep experiments are identical, and a difference only occurs in the amplitude of the response. Comparison results show that the experimental results are in good agreement with the calculation results, as shown in Table 6 .
Based on the experimental results, as shown in
The vibration experiment verifies the accuracy of the theoretical model, and the model can be used to further investigate the mechanical response of the transmission during transportation.
V. MECHANICAL RESPONSE OF TRANSMISSION DURING THE TRANSPORTATION PROCESS A. MECHANICAL ANALYSIS IN THE TRANSPORTATION PROCESS
The transmission is subjected to alternating impact, vibration, and acceleration from launching to landing. The aforementioned complicated and severe mechanical environments may cause damage to the transmission. We assume that the axial direction of the transmission is in the direction of z-axis, and the positive direction corresponds from the high-speed level to low-speed level. Given the symmetry of the system, we assume that the x-axis and y-axis are perpendicular to each other in the radial direction and satisfy the right-hand spiral rule.
In order to simulate and cover the mechanical environment during the transportation, in the study, sinusoidal vibration and random vibration are used to simulate the mechanical environment. The sine vibration mechanical conditions are listed in Table 7 .
The vibration mechanical conditions in Table 5 and Table 6 are very harsh, and the laboratory doesn't have the corresponding test conditions. In the analysis of the inherent characteristics in the fourth section, the correctness of the model has been verified by experiments. Therefore, the dynamic The random vibration mechanical conditions are listed in Table 8 .
B. EXCITATION MODEL AND RESPONSE CALCULATION OF SINUSOIDAL VIBRATION
The sine vibration excitation function satisfies the following conditions:
The relationship between octave frequency, scanning speed, lower limit frequency, and time in the sine vibration is shown in equation (21) as follows:
Based on the above analysis, the mathematical model corresponding to the mechanical conditions in Table 6 is as follows: (22) We replace equation (22) in the program written in Matlab, and the response of each component under the mechanical condition is obtained. The vibration displacement response in the ξ direction and η direction of high-speed planetary gear and low-speed planetary gear are shown in Figures 13 and 14 , respectively.
Based on the above analysis, the responses of the sun gear, carrier, and inner gear in the x direction are almost zero. The planetary gear exhibits significant displacements in two radial directions. With respect to the three planetary gears at the same level, the response is almost identical along the ξ direction and η direction.
C. EXCITATION MODEL RESPONSE CALCULATION OF RANDOM VIBRATION
Based on the mechanical conditions of random vibration, as shown in Table 6 , the relation between power spectral density and frequency is given in equation (23) as follows:
We replace equation (23) condition is obtained. The power spectral density in the ξ direction and η direction of high-speed planetary gear and low-speed planetary gear are shown in Figures 15 and 16 , respectively. Based on the above analysis, although the external load is in the y direction, the vibration responses of each component in the x direction are of equal magnitude owing to system resonance. Given the characteristic of each component, several components exhibit different amplitude responses, and there are differences in the frequency that causes the maximum response of each component.
According to the calculation results of all the parts in the transmission, the structure can stand the mechanical vibration in the process of transportation. 
VI. LOAD SHARING CHARACTERISTIC ANALYSIS OF TRANSMISSION
The load of each planet gear is not uniform because of the deformation, manufacturing, and installation errors of parts including the planetary gear, sun gear, and carrier. Thus, the carrying capacity and service life of the planetary gears could be lower than the expected value. The environmental conditions of lunar surface are complex; further, a wide range of temperature changes increase the error value of each part [22] , [23] . In this study, static and dynamic 
A. ANALYSIS OF STATIC LOAD SHARING CHARACTERISTICS
When the transmission rotates at a fixed speed, the influence of damping, time-varying mesh stiffness, and bearing stiffness is neglected. This model is termed as the static system model. The error for a transmission mainly includes floating meshing error and manufacturing and installation errors.
The integrated meshing error is expressed as follows:
Relative displacement of planetary gear and sun gear with integrated meshing error and that of planetary gear and sun gear with integrated meshing error are given in equation (26) as follows:
The load of the external gear and internal gear on the meshing line are expressed in equations (27) and (28), respectively, as follows:
With respect to each level, the following static equilibrium equations are applicable: Therefore, the static load sharing coefficient of No, i planet gear in level j is as follows:
It is assumed that the eccentric error of each gear is 10 µm and the input speed is 7680 rpm. The static load sharing coefficient of each planetary gear is shown in Figures 17 and 18 . Static load sharing coefficient of the high-speed level is 1.023 and that of the low-speed level is 1.0091. The static model is a simplified form of the dynamic model, and the analytical solution is obtained by calculations. The main contradiction of the system is evident by using a static-based model. The dynamic load sharing coefficient in a meshing cycle are as follows:
B. ANALYSIS OF DYNAMIC LOAD SHARING CHARACTERISTICS
Dynamic load sharing coefficient of the outer meshing and inner meshing are given in equations (36) and (37), respectively, as follows:
The dynamic load sharing coefficient curve of each planetary gear is shown in Figures 19 and 20 . Based on the aforementioned curves, the dynamic load sharing coefficient of each planetary gear in the high-speed level includes I s1 = high-speed level is I = 1.065, and that of the low-speed level is II = 1.052.
VII. CONCLUSION
The uncertainty of the soil on the moon and the harsh mechanical environment during transportation have a great impact on the transmission, and they also influence the completion of the sampling task. In this study, a translational torsional dynamic model is established, based on Runge-Kutta method, the inherent characteristics of the transmission is obtained, and the corresponding verification experiments are also carried out. Sinusoidal vibration and random vibration are used to simulate the mechanical environment. The experimental conditions are modeled and replaced in the kinetic equations. The static and dynamic load sharing characteristics are obtained considering floating meshing error, manufacturing and installation errors. The conclusions are as follows: 1) In previous studies, most scholars studied the single stage gear system. In this paper, the inherent characteristics, loading characteristics, and transportation mechanical response of two stage gear system were studied, and the corresponding experimental verification was carried out. The load sharing coefficient of high-speed level is higher than that of low-speed level. Inherent characteristics, load sharing characteristics and transportation mechanical response of transmission system are studied in this paper. The study may contribute to parameter setting and structural design in a lunar exploration project.
